Physico-chemical properties; amylose content, swelling power, pasting properties by Rapid Visco Analyzer (RVA), thermal properties by Differential Scanning Calorimeter (DSC), and enzymatic digestibility of starches isolated from 19 different Sri Lankan rice varieties were analyzed. Significant variation was shown in all the tested properties among tested varieties in which the amylose content varied from 16.0% to 34.7%. Amylose content appears to be the major factor controlling almost all physico-chemical properties of rice starch, as it showed significant correlations to all other properties tested. It correlated negatively to the peak and breakdown viscosities by RVA and enzyme digestibility but positively to all other tested properties. The peak and onset gelatinization temperatures and enzyme digestibility correlated to all properties except enthalpy for starch gelatinization. The peak and onset gelatinization temperatures, as well as the blue value, showed negative correlations to the peak and breakdown viscosities, indicating the importance of low amylose for easy starch pasting. According to our results, low amylose starches started to gelatinize at lower temperatures. During heating and cooling, such starch slurry showed higher peak and breakdown viscosities, but resulted in a softer gel. Low amylose starch was also easily digestible by enzymes. These properties are probably associated with the reduced compactness in the amorphous area of starch granules. Due to lower amylose in the amorphous area, loosely packed starch granules result in higher swelling power and disorganization with heating.
Introduction
Rice is the staple food for million of people in Southeast Asia, and it is the single most important crop in Sri Lanka in terms of area cultivated, production, number of farming families engaged in its production, and political sensitivity (IRRI, Rice Knowledge Bank, 2006) . Breeding efforts at the national level have resulted in high-yielding varieties with resistance to different biotic and abiotic stresses. More than 50 rice cultivars have been recommended for Sri Lanka, and the present rice productivity has reached about 3.8 t/ha (IRRI, Rice Knowledge Bank, 2006) . The recent increase in per capita income with other development has created a growing consumer demand for physical purity as well as for better intrinsic quality in rice (Kotagama and Kumara, 1996) .
Amylose content is the key determinant of the cooking and eating qualities of rice. Furthermore, recent studies have shown that the amylopectin fine structure is also one of the most important factors determining the pasting and gelatinization properties. Generally, high-quality rice is considered to be soft and slightly moist when cooked, and such qualities are provided by starches with intermediate amylose and moderate gelatinization temperatures. Therefore, breeders should give attention to developing varieties with such grain qualities. However, few studies have been conducted to evaluate the cooking and eating qualities of Sri Lankan rice germplasm.
Rice starch has commercial interest as an important ingredient in different industries. Rice starch has the smallest particle size among commercial starches, the whitest powder color, and a neutral state. Therefore, gelatinized rice starch is very smooth and creamy, and does not have any flavor. Furthermore, it provides a texture perception similar to that of fat (Champagne, 1996) and shows potential for replacing fat in some dairy products. Rice is preferably used in producing cosmetic products, such as baby powder, as its native granules are very small. These granules form aggregates thus, pure rice starch is used in pharmaceutical industries as a filling agent (Puchongkavarin et al., 2005) . Sri Lanka has now become self-sufficient in rice production. Therefore, producing quality rice for the international market and increasing rice-based industries are major challenges to breeders and rice researches in the country. Although in a few applications, such as cosmetics and tableting, the type of starch used is not important, the properties of the starch are important for most other applications. The main objective of the present study was to analyze the physico-chemical properties of starches from Sri Lankan rice varieties, which could then be used in different ways in applied studies. Furthermore, this study examines the different physico-chemical properties and their relationships in indica rice varieties with high amylose.
Materials and Methods
Materials Nineteen different Sri Lankan rice varieties, both traditional and popular inbred cultivars, were used in the study. Seed samples of all varieties were collected from the Rice Research and Development Institute (RRDI), Bathalagoda, Sri Lanka. All of them were grown in the "Yala season" (May to August) of 2005 in RDDI fields. Seed samples were dehulled (Satake Dehusking Machine, THU 354), polished (Satake Whitening Machine MC 250), and then ground for starch isolation. Starch isolation was carried out as described by Noda et al. (2003) . After drying the isolated starch at room temperature for two days, its moisture content was estimated by drying samples in an oven at 115ºC for 3 h. The analysis of starch properties was carried out at Memuro Upland Farming Research Station, National Agricultural Research Center for the Hokkaido Region, Memuro, Hokkaido, Japan.
Amylose content The amylose content was estimated by the blue value method as described by Noda et al. (1992) without defatting the starch. A 2% starch suspension was prepared by dissolving starch in dimethyl sulfoxide (DMSO) at 70ºC for 3 h and diluting the mix into a 0.1% starch suspension using distilled water. The absorbance at 680 nm was recorded using a Beckman DU-640 Spectrophotometer (Beckman Coulter, Inc., Fullerton, CA, USA) for a mixture (5 ml) containing 0.2 mg of starch, 0.4 mg of iodine (I2), and 4 mg of potassium iodide (KI) after 30 min after color development. The amylose content was then calculated using an equation developed by Asaoka et al. (1994) : Amylose content = 99.1 × (blue value) -5.0.
Pasting properties The pasting properties were analyzed using a Rapid Visco Analyzer (RVA-4, Newport Scientific Pty., Ltd., Australia) as described earlier (Wickramasinghe et al., 2003) . The peak viscosity, breakdown, final viscosity, setback, pasting temperature, and peak time were recorded for samples, with two replications. The pasting properties, except the pasting temperature and peak time, were expressed in Rapid Visco Units (RVU).
Thermal properties A 30% starch suspension was heated from 25ºC to 130ºC at the rate of 2ºC/min in a sealed sample cell for the analysis of thermal properties by Differential Scanning Calorimeter (DSC 6100, Seiko Instruments, Inc., Tokyo, Japan), as described by Noda et al. (2004) . A pan with distilled water was used as the reference, and peak gelatinization temperature, onset gelatinization temperature and enthalpy for the starch gelatinization were measured for each sample, with two replicates.
Swelling power A starch slurry, 200 mg of starch (dry weight basis) in 5 ml of distilled water, was gelatinized at 80ºC for 20 min with frequent mixing to avoid the formation of starch clots. Gels were cooled at 20ºC for 5 min and then centrifuged at 1700 g for 5 min. The swelling power was calculated according to Yasui et al. (1999) and was expressed as the weight of swelled starch residue per 1 g of starch (dry weight). The analysis was repeated three times.
Enzyme digestibility One milliliter of 2% raw starch suspension was digested with 3.71 units of crystalline glucoamylase from Rhizopus sp. (Oriental Yeast Co., Ltd., Tokyo, Japan) for 4 h at 40ºC according to the modified method of Noda et al. (1992) . The amount of glucose released during enzyme digestion was estimated by the phenol-sulfuric method (Dubois et al., 1956) , and enzyme digestibility was calculated as the percentage of glucose released during incubation with the enzyme to the total amount of sugar in the starch on a weight basis.
Data analysis Data were subjected to statistical analysis using Microsoft Excel 2003 software. The means were compared by the least significant difference (LSD) for each property.
Results and Discussion
Blue value and amylose content The blue value and apparent amylose content of rice starches of tested varieties ranged from 0.212 to 0.400 and 16.0% to 34.7%, respectively, and statistical analysis showed a significant variation in the character among tested varieties (Table 1 ). The apparent amylose contents were relatively high for most samples and higher than the amylose content previously measured by the iodine affinity test (Juliano, 1971 ) (data not shown). Asaoka et al. (1994) proposed the following equation using 33 rice varieties: amylose content = 99.1 × (blue value) -5.0. All except one were Japonica rice with low amylose. Their amylose content varied from 8% to 31%. The structures of amy-lose (Takeda and Hizukuri, 1986 ) and amylopectin (Takeda and Hizukuri, 1987) of indica and japonica rice varieties were analyzed, and only a slight variation in the structures of amylose was identified. However, a significantly higher iodine affinity and blue value were observed in amylopectin of indica rice than in that of japonica. Therefore, these higher blue values could cause higher apparent amylose in indica rice.
Pasting properties by RVA All pasting properties were significantly different among the varieties tested ( Table 2) . The highest peak viscosity, highest breakdown, lowest setback, lowest final viscosity, lowest pasting temperature, and lowest peak time were recorded for variety AT405, which has the lowest amylose content. The opposite characteristics were shown with some traditional varieties that had a higher amylose content, such as Batapola wee, Martin Samba, and Dewaradderi (Table 2) . Han and Hamaker (2000) observed that almost all amylose in the granule is leached out at the level of peak viscosity. Thus, the influence of amylose on the breakdown would be very low, even though the peak viscosity could be affected by both amylose and amylopectin (Han and Hamaker, 2001) . Our present data indicated a negative correlation between the blue value and breakdown. Thus, further studies on the amylopectin structures of our samples would be useful to analyze the effect of the molecular structure of amylopectin on different pasting properties. Vandeputte et al. (2003b) , however, concluded that the amy-lopectin structure had no correlation to the peak, breakdown, final viscosities, and setback. However, they did show that the starting gel point temperature has an influence on the structure of amylopectin.
Swelling power The swelling power at 80ºC also showed a significant variation among the varieties used (Figure 1) and ranged from 7.33 g for AT 405 and 16.12 g per 1 g of dry starch for a traditional variety, Dik wee. AT 405 was the variety with the lowest amylose content, and Dik wee was among the varieties with higher amylose contents of the samples tested. Previously, Lii et al. (1995) explained that amylopectin and the crystal region of the starch granule are responsible for swelling and observed high swelling with low amylose in rice. Tester and Morrison (1990) also demonstrated that amylose and lipids actively inhibited swelling in cereal starches.
Raw starch digestibility As with other properties, the raw starch digestibility by fungal crystalline glucoamylase varied significantly among tested samples (Figure 1) . AT 405 gave the highest values for enzyme digestibility, and very high resistance to enzymes was shown by some traditional rice varieties, such as Batapola wee and Dik wee. Our results demonstrated that starch hydrolysis tends to be very quick for low amylose starches in comparison to high amylose starches, which was comparable with previous reports (Hu et al., 2004; Noda et al., 2003) . Thermal properties by DSC All thermal properties measured by DSC on starch gelatinization had significant variations among the varieties under investigation (Table  1 ). Starches with low amylose, such as AT 405, gelatinized easily and required low energy for the gelatinization. Some traditional varieties, such as Dik wee, Heenati, and a new improved variety, BG 300, required very high energy for gelatinization. Generally, these varieties had higher amylose in starch. The peak gelatinization temperature and onset gelatinization temperature of our samples ranged from 69.4 to 80.0ºC and 64.1 to 75.9ºC, respectively. The enthalpy for starch gelatinization varied from 12.0 to 17.3 J/g.
Correlation analysis among tested characteristics of rice The blue value of tested varieties showed significant correlations with all other properties, thus again proving the importance of amylose content as a major factor determining starch properties (Table 3 ). The highest correlation (0.92) was shown with the breakdown at RVA, and the least was shown with the blue value (0.46). The relationships of the blue value with the peak viscosity, breakdown, and enzyme digestibility were negative, while all others were positive. Similar relationships were also found in previous studies, such as negative relationships with peak viscosity and breakdown (Collardo and Corke, 1997; Hu et al., 2004; Vandeputte et al., 2003b; Zeng et al., 1997) and enzyme digestibility , and positive correlations with thermal properties such as peak gelatinization temperature and enthalpy for starch gelatinization by DSC (Prathepha et al., 2005; Saif et al., 2003) .
As for the RVA parameters, very high correlations between the blue value and all RVA parameters have been al- ready described. Apart from significant correlations among some RVA parameters, they all were highly correlated to enzyme digestibility, peak gelatinization temperature, and onset gelatinization temperature at DSC. Furthermore, the pasting temperature and peak time showed significant correlations with the swelling power. No relationships were found between the peak viscosity and the final and setback viscosities or between the setback and the peak time.
According to the correlation coefficients given in Table  3 , the swelling power showed significant correlation with the blue value (0.46), peak (0.67) and onset (0.67) gelatinization temperatures by DSC, and pasting temperature (0.66) and peak time (0.55) by RVA, proving the importance of amylopectin, its structure, and relative crystallinity for this property. In the present study, the relationship between the blue value and swelling power was positive. Even though this correlation is statistically significant, it was the least significant correlation shown by the blue value among other tested characteristics.
The enzyme digestibility showed negative correlations to all characteristics, except the peak viscosity and breakdown at RVA and the gelatinization enthalpy at DSC. The enzyme digestibility showed the highest correlation to the blue value (0.87), indicating that the amylose content of rice starch is of great importance in predicting the enzyme digestibility of starch. Our results showed that starch containing low amylose started gelatinization at lower temperatures. While heating and cooling, such starch slurry showed higher peak and breakdown viscosities but resulted in a softer gel. Such starch is also easily digestible by enzymes. These properties are probably associated with the reduced compactness in the amorphous area of starch granules and that may facilitate the easy absorption of water to the granule and speed up the disorganization of starch with heating.
Excepting the blue value, no other properties have a significant impact on enthalpy for starch gelatinization. Interestingly, none of the pasting properties measured by RVA correlated to the enthalpy for starch gelatinization as estimated by DSC. Lai et al. (2001) proved that the gelatinization properties varied due to the molecular structure of amylopectin and amylose by using two rice cultivars with apparently similar amylose content. From the amylose in the granule, absolute amylose and free amylose could facilitate gelatinization, whereas lipid complex amylose delayed it (Vandeputte et al., 2003a) . Furthermore, the same authors expressed that short amylopectin chains with DP 6-9 and long amylopectin chains with DP 12-22 decreased and increased the gelatinization temperatures of rice starch, respectively. Since the amylose content in our samples correlated significantly (0.69) to the peak gelatinization temperature, the amylopectin structure and relative crystallinity of the granule would be the other factors governing gelatinization temperature.
Conclusion
According to the correlation analysis, the amylose content proved to be the most important factor in determining the physico-chemical properties of rice starch. As all properties varied significantly among the varieties tested, the information derived from this study will be useful in future research applications.
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